Human IgM molecules were treated with Na2SO3 or mercaptoethylamine in concentrations ranging from 2 to 14mM or 2 to 22mm respectively. The dissociation of IgM to IgM. varied from 0% to 100%. At the intermediate concentrations of either reagent the amount of freed J chains was less than expected. In an attempt to find an explanation for this, IgM was partially dissociated to IgM. with mercaptoethylamine. The IgM, isolated by gel ifitration was divided according to the ascending and descending portions of the elution curve. These portions were treated with 24mM-mercaptoethylamine and analysed for the presence of J chains. Only the ascending portion contained free J chains. Thus, after mild reduction where not all the IgM molecules are dissociated to IgM,, some J chains remain covalently attached to some IgM. molecules although most of the J chains are freed. It was concluded that the J chain could serve as a 'hitch' for 1gM, molecules forming intact IgM.
Immunoglobulin M (IgM*) comprises five subunits each called IgM,. These subunits consist of ,u chains and L chains. One L chain is covalently attached to one ,u chain and two of these pairs of polypeptides are joined at the ,u chains. The covalent linkage of the chains is through disulphide bridges.
A third class of protein has recently been identified as being associated with IgM molecules (Mestecky et al., 1971b ; Morrison & Koshland, 1972) . It is called the J or 'joining' chain (Halpern & Koshland, 1970) . The approximate molecular weight of the polypeptide is 23000-26000 (Halpern & Koshland, 1970; Mestecky et al., 1971b) . Although its size is about that of the L chains, its amino acid composition is distinctly different, and it is rich in cysteine residues (Mestecky etal., 1971b; Morrison &Koshland, 1972) . One J chain has been reported to be associated with one intact IgM molecule (Morrison & Koshland, 1972; Mestecky et al., 1971a) .
Although the J chain is covalently bound to the IgM molecule, its structural role is not clearly understood. The bond evidently is disulphide in nature because the J chain is freed after treatment with mercaptans or sulphite (Morrison & Koshland, 1972; Mestecky et al., 1971b) . One role for the J chain, then, could be to serve as a base for linkage of the five IgM, molecules. If this possibility is correct, then the amount of J chains released from a population of * Abbreviations: IgM, immunoglobulin M. The symbols ,u, L and Fc,u correspond to the heavy chain, light chain and fragment of the heavy chain respectively, defined by the World Health Organization (1964) . Vol. 131 IgM molecules should increase with increasing dissociation due to cleavage of disulphide bonds.
We have begun to determine the role of the J chain in IgM structure. The present report describes our initial investigations.
Materials and Methods Preparative methods
Preparation of IgM. IgM was prepared from the plasma of patients afflicted with Waldenstrom's macroglobulinaemia by the method described previously (Morris & Inman, 1968) . The essential steps included precipitating the euglobulins in deionized water three times and then filtering them through columns of Bio-Gel P-200. Purity of the IgM fraction was determined by immunoelectrophoresis of the protein and development with anti-(human serum) antiserum.
Sulphitolysis of IgM. Samples of IgM (7mg/ml) were treated with various concentrations of Na2SO3 ranging from 2 to 14mM in the presence of 0.4mM-CuS04 for 30min at 30°C. The protein was suspended in a solution of 0.5M-NH4CI at pH8.6. After incubation the mixture was dialysed in a solution of borate-saline buffer (0.16M-NaCl-1mm-sodium borate, pH8).
Reduction of IgM. IgM was suspended in a buffer solution of Tris-saline (0.05M-Tris-0.16M-NaCl, pH8.5). Protein samples at 10mg/ml were treated with concentrations of mercaptoethylamine ranging from 2 to 22mM for 30min at 30°C. The reactions were terminated by iodoacetamide in concentrations two times that of the mercaptan.
Preparation of IgM8 by isoelectric focusing. IgM (80mg) was reduced with 24mM-mercaptoethylamine as described above. The schlieren pattern indicated 100 % dissociation to IgM,. The sample was dialysed exhaustively in 5 M-urea (Ultra-pure; Schwarz-Mann, Orangeburg, N.Y., U.S.A.) before being subjected to isoelectric focusing.
The electrophoresis equipment was the Ampholine Column LKB 8101 (1 lOml). The light electrode solution for a cathode at the top of the column, the dense electrode solution for an anode at the bottom of the column and the dense and light ampholyte solutions were prepared as described in the instruction manual 1-8100-EO1 except that they were made 5M in urea (Ultra-pure). The pH range of the carrier ampholyte was 3-10, and electrophoresis was for 48h at 4°C. The starting voltage was 450V and after 24h this was corrected to 550V.
The IgM. was eluted at pH7.8 and was dialysed in Tris-saline solution. A portion was treated with 24mM-mercaptoethylamine as described above. Samples of the initial reduced IgM (100% IgM,), of the IgM, isolated by electrofocusing and of the reduced isolated IgM, were analysed by polyacrylamide-gel electrophoresis (see below). The gel containing the initial reduced IgM developed a heavy band in the J chain position whereas neither of the other two did. On this basis it was determined that no J chains remained covalently attached to the IgM, formed when 100 % of a sample of IgM was converted into IgM,.
Polyacrylamide-gel electrophoresis. The procedure ofReisfeld & Small (1966) was used with the following modifications: (a) cyanogum 41 (Fisher Scientific Co., Fair Lawn, N.J., U.S.A.) was utilized instead of acrylamide and bisacrylamide; (b) the urea concentration in the gel was 5M; (c) only the upper buffer was employed and urea was omitted; (d) the pH was 9.4; (e) electrophoresis was for 90min at SmA/gel. The gels were about 5.7cm in length after removal of the stacking gel. Coomassie Blue (1.0%) in 12.5% trichloroacetic acid was the stain. Destaining was in 10% acetic acid. Each column of gel was loaded with 250,ug of protein in a 501ul volume.
For quantitative procedures a Gilford spectrophotometer 240 equipped with a Gilford recorder 6040 and a Disc Instrument Co. integrator no. 252-A was employed. Absorbance was determined at 610nm with a slit-width of 0.01 mm x2.36mm. The scan rate was 2cm/min. Densitometric readings were made 24h after destaining. The J chain band appeared 4.6-4.7cm anodally. As discussed above, J chains from a sample whose schlieren pattern was 100% IgM, were considered 100% free for calculation purposes.
Isolation ofJ chains. Totally sulphonated (Williams & Chase, 1967 ) IgM (100mg) was subjected to electrophoresis on a polyacrylamide slab of the lower gel of Reisfeld & Small (1966) as described above. An E-C vertical gel-electrophoresis unit was employed for 4.5h at 250V and the temperature was maintained at 5°C by a circulation pump. The conducting buffer solution was identical with that used for polyacrylamide-gel electrophoresis.
After electrophoresis a 1 cm-wide section was sliced out of the centre of the slab and stained overnight in Coomassie Blue; the remainder of the block was frozen. Sections corresponding to the position of the J chains were removed from the frozen gel and cut into small pieces that were dialysed overnight in 5M-urea (Ultra-pure). The dialysed material was filtered twice through Millipore membranes of pore sizes 1.25,tm and 0.22,um respectively.
The filtrate then was dialysed in borate-saline solution. Subsequently it was concentrated in an Amicon 8-MC unit with a UM-10 membrane. El% at 280nm for J chains was assumed to be 14.2.
Anti-(J chain) antiserum. J chain protein (300,ug) in Freund's complete adjuvant was distributed subcutaneously in several areas along the back of a rabbit. A booster injection of 300,g in Freund's incomplete adjuvant was given 4 weeks later intramuscularly. The rabbit was bled 3 weeks after the booster injection and then once a week for the next 3 weeks.
General methods
Gel filtration. Appropriately treated IgM (100mg) was filtered through a column (2.5 cmx 95cm) of Bio-Gel P-200 equilibrated with borate-saline. A flow rate of about 8ml/h was used.
Analytical ultracentrifugation. Analyses by ultracentrifugation were done with a Beckman Spinco model E analytical untracentrifuge equipped with schlieren optics. An An-H rotor was operated at 60000rev./min and the temperature was maintained at 20°C. The proteins at 5.7mg/ml were centrifuged suspended in borate-saline solution. Sedimentation coefficients (s20,w) were calculated according to Schachman (1957) . Areas were determined with the use of a planimeter.
Ouchterlony analysis. Small glass plates were coated with 0.85 % agarose suspended in 0.1 M-sodium barbital, pH 8.6, to a depth of about 2mm. Wells 2mm in diameter were filled with the appropriate reagents and the plates were developed at room temperature in a wet atmosphere. When the proportion of IgM, released was plotted against the concentration of Na2SO3 (Fig. 1 ) the relationship was not linear. Although the shape of the curve relating J chains freed to Na2SO3 concentration resembled that for release of IgM. (Fig. 1) the two curves could not be superimposed. The greatest discrepancies occurred with the intermediate concentrations of Na2SO3. For example, when 50% of the reaction mixture was IgM,, 43 % of the theoretically available J chains were in position in the gel. When 70% of the IgM. had been released, only about 58% of the J chains were freed. The ratio of J chains to IgM5 approached unity at the lowest concentrations of Na2SO3, 2-3mM, and at the highest, 10-14mM. When the treated IgM contained 15-87 % IgM., the ratios varied little and were 0.8-0.9.
IgM was treated with 7mM-Na2SO3, a concentration expected to give about 60 % IgM, and 50 % ofthe available J chains (Fig. 1) . The protein eluted through Bio-Gel P-200 was divided into pools as indicated in Fig. 2 . The protein of each pool was examined by polyacrylamide-gel electrophoresis. That in pools 1, 3 and 4 contained no free J chains whereas that in pools 2, 5 and 6 did (Plate la).
The proteins of pools 3 and 4 evidently consisted of IgM, as judged by their elution positions (Fig. 2) and sedimentation coefficients, which were 7.OS for pool 3 and 6.9S for pool 4.
The protein in pool 2 was heterogeneous and contained numerous entities that sedimented between IgM and IgM,. The protein of pool 5 also was heterogeneous. It consisted ofIgM, and a more slowly sedimenting component.
The IgM, ofpool 3 was treated with 14mM-Na2SO3, and analysed by polyacrylamide-gel electrophoresis. Free J chains then were evident (Plate lb).
Dissociation ofIgM with mercaptoethylamine
Samples of IgM were treated with various concentrations of mercaptoethylamine from 2 to 22mM.
The amounts of IgM. formed and J chains released each ranged from 1 to 99 %. In the schlieren patterns only IgM and its polymers, and IgM,, were evident. However, as was noted in the experiments with Na2SO3, the curves relating J chains released and IgM, formed could not be superimposed (Fig. 3) is shown in Fig. 4 The constituents of pools 6 and 7 were examined also in the ultracentrifuge. Pool 6 consisted of two components. The major one evidently was IgM, and there was a small amount of more slowly sedimenting material. The protein in pool 7 sedimented quite slowly and was heterogeneous. The main component sedimented at 3.4S.
Discussion
Five subunits, IgM., of IgM are joined covalently through disulphide bonds to form the intact immunoglobulin molecule. There appears to be few or no noncovalent interactions between subunits. This has been documented before (Morris & Inman, 1968; Askonas & Parkhouse, 1971 ) and was noted once again in this work when it was observed in schlieren patterns that isolated IgM, did not polymerize. It is widely held that the covalent linkage between the subunits is due to disulphide bonds originating in the Fc,u region and extending solely between halfcystine residues on opposing subunits (Metzger, 1970) . In the absence of intersubunit noncovalent bonds it is difficult to envisage the polymerization of IgM, during biosynthesis.
There is convincing evidence that there is more Polyacrylamide-gel-electrophoresis analyses of sulphitolysed IgM fractions IgM was treated with 7mM-Na2SO3, filtered through Bio-Gel P-200 and the fractions were pooled as indicated in Fig. 2. (a) Analysis of pools designated by numerals. (b) Analysis of pool 3 after a subsequent treatment with Na2SO3: C, control (IgM treated with 7mM-Na2SO3); 3, pool 3; S3, the protein of pool 3 after treatment with 14mM-Na2SO3. The position of the J chains is indicated, and the anode is at the bottom. Askonas & Parkhouse, 1971) . Accordingly, it was proposed that polymerization occurs at about the time of secretion (Parkhouse & Askonas, 1969) .
However, in some instances polymerization of IgM.
seems to occur extracellularly (Buxbaum, 1972) , an event which is difficult to imagine.
With the discovery of the J chain one is now able to offer an explanation ofthe polymerization process. The J chain might function as a 'hitch' for five IgM, molecules. The bonding could be covalent with one disulphide bond linking each of the ten ,u chains with one J chain. The J chains already have been found rich in half-cystine residues (Mestecky et al., 1971b; Morrison & Koshland, 1972 Another possible explanation takes into consideration several problems associated with quantitative densitometric measurements of proteins stained with Coomassie Blue. Two of them deal with unequal dye binding from one protein to another, and dye uptake as a function of distance of migration (Fishbein, 1972) . These have been negated because only one type of stained constituent polypeptide was determined and its migration distances were equal for all samples in a single experiment. Further, the theoretical quantity of J chains measured in each sample is well within the most favourable values reported by Fishbein (1972) .
In our attempt to understand the observation of less free J chains than expected, we did indeed find some bound to entities smaller than IgM regardless of the reagent used for partial dissociation of the latter. Although no noncovalently bound J chain was associated with the residual IgM or with IgM,, it was found in the protein eluted between the peaks of IgM and IgM., and in that eluting subsequent to IgM,. One would expect that these free J chains would be analogous to those detected by polyacrylamide-gel-electrophoresis analysis ofa whole reaction mixture earlier.
The eluted IgM, was divided into the heavier and lighter portions and each was made to react with that amount of disulphide bond disrupting agent, which, if used initially, would have been sufficient to break all the IgM into IgM,. Only the heavier IgM. fraction in each instance could then be shown to contain free J chains. Thus one would expect these IgM.-bound J chains to be responsible for some of the discrepancies noted in Figs. 1 and 3 between J chains released as a function of IgM. formed.
The anti-(J chain) antiserum was unable to detect J chains in intact IgM; the site or sites evidently are inaccessible. Surprisingly, neither could the antiserum detect the J chains covalently bound to IgM,. One would expect these chains' antigenic sites to be exposed. However, after reduction of the heavier IgM. with mercaptoethylamine the J chains were then detected serologically. These data suggest that the J chain may be more firmly bound to some subunits than it is to others or that conformational changes as a consequence of the cleavage of several other disulphide bonds lends protection to the last one or two.
The antiserum detected J chains in the material eluting after IgM., and, paradoxically, between IgM and IgM,. Apparently the antigenic sites are accessible in the trough material even though these J chains may have been associated noncovalently with polymers of IgM,.
In conclusion, it does seem possible that the J chain serves as a 'hitch' for the IgM, subunits. After mild reduction where all the IgM molecules are not dissociated to IgM, some of the J chains remain covalently attached to some IgM, molecules. A larger amount of the J chain population is free and a very small amount apparently is associated with various polymers of IgM,.
